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ABSTRACT 
This research examined the repeatability problems associated with data collection 
with road profiling equipment on textured concrete roads. Over time, the test equipment 
used for road profiling has evolved from a contact type instrument and to a non-contact 
instrument. Problems with textured or tined concrete have surfaced which question the 
repeatability using the newest non-contact type devices. Through previous research studies, 
repeatability issues have narrowed, and an industry consensus has been reached and 
documented to correct these problems. 
In response to the consensus and in an attempt to provide the customers with a robust 
product, a solution was developed to respond to the need for repeatability testing on textured 
surfaces. For the past seven years, the standard single laser system has provided adequate 
repeatability on tight mix asphalt and lightly textured concrete, however, this research led to 
the development of a multi laser sensor system called the TriODS laser system. The Tri ODS 
is a multiple laser system that has taken the single laser system technology and built upon it 
to provide a means to handle textured/tined concrete. Typically, three lasers are used in 
tandem to read the road surface with the intention of modeling the surface to eliminate or 
bridge any texture/tining. The Tri ODS technology was built on top of the existing single 
laser technology. Results have been repeatable generally within 5%, and have been validated 
at different sites and on different road surfaces over several years. 
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CHAPTER 1. INTRODUCTION 
This research was conducted to develop an improved road profile device to measure 
road smoothness. Many asphalt and concrete paving companies worldwide as well as state 
transportation departments rely heavily on the quality of data collected by testing equipment. 
The quality of a paved road is typically determined using an index value system with 
different thresholds corresponding to their associated payment for goods and services 
rendered. State and federal authorities require that profiling equipment must meet a 
minimum standard for repeatability on collected road profile; however, depending on the 
state, this standard fluctuates. 
The repeatability and accuracy of each piece of test equipment is vital to the quality 
of the product being constructed. With a new device, the repeatability and accuracy must 
hold true to past standards and surpass them if possible. The quality of the data is crucial to 
ensure contractors are paid accurately for their services and the taxpayers are receiving the 
most for their money. 
The traveling public expects the best for their tax dollars. Two of the primary 
expectations are smoothness and quietness of the road. For many years smoothness has been 
the top priority for achievement; however, in recent years the noise levels that resonate from 
tires have come under greater scrutiny. In an effort to reduce the amount of noise, the 
concrete industry began using different textures on concrete surfaces. One of these textures 
is called longitudinal tining. Longitudinal tining has resulted in improved noise 
characteristics, and this surface retains its normal wearing characteristics as well. The 
following subsection traces the history of development of measurement devices to assess 
road quality in terms of smoothness and quality. 
Background of the Study 
Road engineers are continually faced with the need to design and test road surfaces 
that meet customers' demands. The quality and texture of road surfaces has improved over 
the years due to better road design, materials, testing equipment and application of new 
concepts in data collection. 
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Profilograph 
The first piece of equipment developed to measure smoothness was the California 
Profilograph. Before laser technology became affordable, road smoothness was measured 
with a contact type measurement device. The California profilograph is a contact device that 
records the elevation changes of the road surface as it is pushed down the road by the 
operator (ASTM E 1274-88, 2002a). Figure 1.1 shows photo of a standard computerized 
implementation of this contact device. The profilograph contacts the road surface through a 
wheel mounted in the center of 32.5-foot beam or truss in some cases. The front and the rear 
of the profilograph have bogey wheels with a specific spacing between them to help average 
the road features in a wheel track as the operator pushes the device down the road. As this 
lightweight device travels down the road, a wheel moves up and down within a vertical 
plane, which enables measurements to be taken by a sensor that sends data to handheld unit 
where it stored to be reanalyzed later by a profilograph simulation. 
Figure 1.1. California profilograph 
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Profilograph simulation uses bogey wheels as an averaging type filter, but the 
profilograph beam section, which measures 25 feet in length, actually performs as a filter 
itself. The intent of the profilograph' s design was to eliminate long wavelength data from the 
profile enabling the focus to concentrate on the wavelengths that affect ride quality. 
Figure 1.2 depicts a profilograph frequency response plot that is generated by the 
California profiler. A frequency response plot tells what the device will output for any given 
input from the road. The profilograph has a response from 2 foot to 200 foot; however, the 
primary frequencies lie between 2 feet and 100 feet. Due to mechanical design of the 
profilograph, 25-foot wavelengths are amplified, as compared to the input the output is 
distorted and cannot give a true representation of the road profile. This distortion will 
ultimately lead to the development of profilers, which will be discussed in the next section. 
The California profilograph has been the industry standard for almost a half a century. Thus, 
any new profiling device for use in quality assurance must be able to replicate this profile. 
10 
., 
] 
l 
10 
2000 200 20 
Figure 1.2. Profilograph frequency response plot 
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Inertial profiler 
One technical definition of an inertial profiler is an instrument used to produce a 
series of numbers related in a well-defined way to produce a true profile, or picture (Sayers 
& Karamihas, 1998). A typical profiler of today consists of the following components: 
• A vehicle 
• Accelerometer 
• Non contact laser 
• High resolution encoder 
These components, or hardware, are mounted to a vehicle, which is generally a lightweight 
all terrain vehicle or utility vehicle. These types of vehicles are selected because they 
provide an acceptable speed range between 10-18mph that works well for quality 
control/assurance practices in a typical paving operation. 
The accelerometer is used to provide an inertial reference (ASTM E 950-98, 2002b ). 
This reference is established while an operator drives the vehicle at a constant speed during 
data collection. Once at constant speed any acceleration due to imperfections in the road 
surface will be detected by the accelerometer, which outputs a scaled DC voltage. The DC 
voltage output is fed into analog circuitry that double integrates this voltage with respect to 
time, thereby giving a displacement as the end result. 
A non-contact laser provides the linear distance between the accelerometer and the 
ground. The laser provides scaled displacement data at a rate of approximately 1000-
1250Hz. The analog circuitry takes the voltage input of the laser in displacement and 
combines that with the double-integrated accelerometer data by summing them together 
through analog hardware. The result is a profile that closely replicates the profile of the road 
tested. 
The use of a high-resolution optical encoder enables the engineer to dictate the 
sample interval for the profile data. Encoders are typically mounted to the drive axle of the 
lightweight vehicle and connected to a microprocessor that monitors its digital output. Most 
encoders used today give between 100 and 1000 pulses per revolution of the vehicle wheel. 
An inertial profiler's purpose is to collect profile data that is comparable to rod and 
level survey data filtered to a wavelength limitation. Rod and level data (ASTM E 1364-95, 
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2002c) refer to another method of taking data using a measuring stick along with a laser 
reference point. A series of reference values are read depending on the stick's vertical 
location on the road. Normally, rod and level provide engineers with data used to layout 
roads prior to grade work. However, by collecting data at closer intervals the engineer can 
obtain the shorter wavelengths necessary for ride quality analysis. The outline or plot 
generated by an analog profiler typically comes with a wavelength limitation with 
wavelengths reaching 300 feet for low speed devices. This wavelength limitation is needed 
to keep the integration process from over saturating the operational amplifiers and causing 
the combined profile output from exceeding its usable range. In contrast, rod and level 
survey data can contain wavelength data out to thousands of feet. To compare the two 
profiles the rod and level survey data must be high pass filtered. In typical applications filter 
the data using a high-pass 3rd order Butterworth or equivalent filter that provides good band 
pass and roll off characteristics to compare the two data sets. If needed, the profiler data can 
also be high pass filtered similar to the rod and level data and then the two data sets can be 
compared. Currently, state authorities compare filtered rod and level data to the profiler's 
data output so a determination can be made of the profiler's ability to accurately measure 
wavelength content typically between 1-200 feet. Rod and level data can be very time 
consuming to collect, especially at small sample intervals; thus, a profiler that is able to 
collect road data in a very short period of time is highly desired. 
As mentioned previously, contractor pay is based on index calculations generated by 
analyzing rod and level data with a filter. The ability of a profiler to collect rod and level 
data economically enables the engineer to calculate new indexes from any filter of choice. 
However, these new filters require rod and level data, which cannot be provided by a contact 
type profilograph due to its mechanical design. Inertial profilers can provide the correct true 
profile data, which is required by filters that produce indices. Indices are used to rate the 
roughness of the pavement and determine the financial compensation awarded to the paving 
contractors. 
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IRI filter 
One index that has been gaining popularity during the past ten years is the 
International Roughness Index (IRI) (Sayers, Gillespie, & Paterson, 1986). The index was 
developed many years ago and has been in use by the federal government for network level 
roughness reporting and maintenance. The IRI was developed to provide an ideal response 
to input profile that would yield the same values over time (ASTM E 1926-98, 2002d). The 
IRI filter was derived from the response of a quarter car of an automobile, which is displayed 
in Figure 1.3 (Sayers & Karamihas, 1998). 
A quarter car suspension consists of a tire modeled as a spring, along with the 
vehicle's axle modeled as a block mass. With most passenger car suspensions the axle 
displacement is attenuated using a coil over shock. This can be modeled as a spring and 
damper system as shown in Figure 1.3. Next would be the mass of the vehicle body 
including driver and passengers. 
Measured 
_____. IRI 
Computer Algorithm 
Figure 1.3. Mechanical model of a quarter car suspension 
The IRI filter output is the absolute summation of the displacement difference 
between the body mass and the axle mass. It is not the summation of the body mass 
displacement with respect to the pavement surface. The authors of the IRI filter utilized the 
quarter car simulation as a starting point. Their ultimate goal was take the quarter car model 
and make it correlate well to the response type systems used for a long time prior to 
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implementation of the profilograph or inertial profilers. A response type system or Mays 
Meter as most people in this industry are familiar with is a device that utilizes a one-way 
integrating clutch to record the amount of displacement from a vehicle suspension. Figure 
1.4 depicts a typical response type system and how it works. This device is pulled with a 
vehicle and as the system passes over pavement surface the response of tire and dampers 
cause a cable to excite the integrator mounted on top of the system. The summation of this 
integrator over a known distance provided the roughness for the section in question. 
Response systems served their purpose at one time, but these systems were not repeatable 
over time due to mechanical wear. In addition, these response type systems showed a lack of 
reproducibility when comparing one to another. 
/ Integrato r 
Hitch 
!r--~~.-....._._..~r 
Figure 1.4. Response type system 
In order to solve the repeatability and reproducibility problems of the response type 
systems a group of researchers defined the IRI as a way to take profile from different 
measurement equipment and get the same index values. They accomplished this by utilizing 
a mathematical model of the quarter car simulation discussed above. However, even though 
the IRI filter has similar response characteristics as compared to the quarter car model, the 
IRI model has increased damping to help prevent the filter from favoring certain frequencies. 
Essentially the IRI is a model of the quarter car that has been modified to have a similar 
response to the response type systems of years past. 
The IRI response graph can be computed using published code by the University of 
Michigan Transportation Institute (UMTRI) via their website (Sample Code, 2005). The 
output of the IRI can be computed by multiplying the magnitude of the input wave by the 
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corresponding gain on the frequency response plot for a given frequency. Using the 
following function , 
S(t) =A *sin( wt) (1) 
Keep two things in mind, the filter assumes a vehicle speed of 49.7 mph or (80 km/hr) and 
the amplitude, A, is the amplitude of the slope for the profile. Profile data is converted to 
slope profile prior to being ran through the IRI filter and this is done to minimize the 
response of the filter to large amplitude wavelengths that occur at low frequencies. The most 
influenced portion of the frequency band lies between 1.44 cycle/sec and 22.21 cycle/sec 
with some response still at 0.486 cycle/sec. Most people in the profiling industry do not 
associate the response of the filter on a time basis, but rather on a wavelength basis. By 
using the following equation 
'A= V *(1/f) (2) 
the wavelength of the frequency response can be calculated, where /..., is the wavelength in 
ft/cycle, V is the velocity of the vehicle in ft/second and f is the frequency of the wave in 
cycle/second. Figure 1.5 depicts graph(s) of IRI frequency response (Sayers & Karamihas, 
1998). 
The filter's response is concentrated between 0.5 cycles/m and 0.065 cycles/m, which 
correlate to approximately 2.8m (9 ft) and 15m (50 ft) wavelengths. The frequency response 
Gcin for Profile Slope IH ( v) I 
2.0 .----..~-.-....-T"O . .......... ---,------.---.-.~~-~-~. ~ . . ~ 
1.5 ····· ··· ···'·· 
1.0 
C.5 
0.1 1 
Wave >lumber (cycles Im) 
.. 
. . . . . . . 
.. · ...... . . · .. : .: . · ... · 
... .. 
. . . . 
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Figure 1.5. Graph(s) of IRI frequency responses 
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plot shows that a typical vehicle has a greater response to road roughness at wavelengths 
shorter than the profilogragh's wavelength band. The IRI filter gives a better correlation to 
what causes the vehicle occupants to feel road roughness and this is a key benefit of this 
filter. Another benefit is the IRI filter can be used with any profiler that can be certified for 
repeatability and accuracy. The profile collected and analyzed with the IRI filter outputs IRI 
index values in units of inches/mile, which is the summation of the IRI filter output over a 
known distance, only as accurate and repeatable as the profiler is able to collect the original 
data. 
Tining 
Concrete pavements require texturing or tining to provide traction or skid resistance 
during wet or adverse weather conditions. To produce tining contractors mount racks of stiff 
wire on to a bridge deck that normally follows a slip form paver. As shown in Figure 1.6, the 
steel wire tines remove concrete from the surface prior to the concrete sitting long enough for 
it to fully harden and cure. 
Figure 1.6. Steel wire tines remove concrete from the surface prior to curing 
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During wet or inclement weather tining helps to provide drainage for moisture and 
traction for the vehicle's tires. Without tining travelers would experience increases in 
hydroplaning. However, with increased traffic rates throughout the Unites States, many 
people who live along concrete highways complain about tire noise. 
Typically, tining is either transverse or longitudinal. Many states began using 
uniform transverse tining to provide increased friction and drainage, however transverse 
tining also produces more noise. In an attempt to alleviate noise problems states have begun 
to use non-uniform or random transverse tining. However, one of the best solutions for noise 
comes in the form of longitudinal tining, which travels parallel to the direction of travel. The 
following is a list of characteristics of both types of tining (Garcia, 2002). 
Transverse Tining (see Figure 1.7) 
• Good skid resistance 
• Good drainage 
• Typically loudest surface 
• Random tine spacing 0.5-1.5 inches with no more than 50% above 1 inch, 
0.125 -0.250 inch tine depth and 0.125 inch in width 
Figure 1.7. Non-uniform transverse tining (Luther, IA) 
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Longitudinal Tining (see Figure 1.8) 
• Good skid resistance 
• Moderate drainage 
• Improved noise reduction 
• 0.750 inch uniform tine spacing, 0.125 inch tine depth, 0.125 tine width 
Figure 1.8. Longitudinal tining deck (Luther, IA) 
Tining problems associated with single laser systems 
Until 2004, the profiling industry designed its high speed and lightweight profilers 
with one laser per wheel track. The laser has a spot size of approximately 5mm in diameter, 
which can fluctuate depending on manufacturer and stand off requirements. Each spot size 
must travel over the intended wheel track to obtain repeatable and accurate data. When the 
spot travels parallel with the direction of travel on longitudinally tined concrete the spot may 
travel in the groove of the tine. When the laser spot continuously travels in and out of the 
groove, it causes the laser unit to provide a distance value that exceeds the actual distance to 
the top of the concrete surface. The way a profiler provides profile data is to combine an 
accelerometer reference while combining a laser distance to compensate for the vehicle 
height above the ground. When the laser sensor provides data, which exceeds the actual 
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distance of the vehicle from ground, it produces spatial features that do not exist in the 
pavement. Upon reanalysis, these short wavelength features created by the laser data error 
produce index values that exceed the actual smoothness value for the pavement. Since the 
IRI filter amplifies short wavelength features and does not use a low pass filter for smoothing 
purposes, the index values are not repeatable enough for quality assurance purposes. 
The unspecified amount of time the laser spot travels in the groove presents the 
greatest problem with error in the longitudinal tining data. The spatial feature(s) produced by 
this error cannot be determined and does not create a repetitive wavelength that can be 
filtered (Figure 1.9). 
Direction of Travel 
• • • 
• • • • • 
Single Laser 
Sensing Unit 
Figure 1.9. Laser spot traveling in/out of tine groove 
Motivation for the Study 
One of the goals of any paving contractor or state transportation authority is to build 
the smoothest roads possible for their customers. However, a considerable amount of time 
and effort is needed to create a road system. In addition to the material cost of building such 
a system is the need to determine the concrete ride specification for interstate, most state and 
some county or city roads. A ride specification provides the customer with a standard a 
contractor needs to meet in order to receive payment. This payment can come in several 
percentages; either by full pay, deduct pay or incentive pay. The amount a contractor is 
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reimbursed for their efforts is determined directly from the data collected by a road profiling 
test device. If the builder exceeds the standard set in the ride specification, then he or she is 
entitled, in most cases, to a bonus on top of the initial contract bid. Most state transportation 
authorities provide an incentive pay for exceptional job performance. Performance pay can 
lead to smoother, longer lasting and less maintenance costs over time when compared to a 
road that just meets or falls short of the ride specification. This incentive pay can result in 
increased profits to a business and potentially increased pay for the company employees, 
along with possible achievement awards or public notoriety for quality workmanship. 
With advancements in tires, construction materials and construction methods, quality 
assurance follows close behind when it comes to developing better data collection methods 
for road profile test equipment. As the use of textured concretes continues to rise, especially 
longitudinal tining, the question of how repeatable are our current test devices on these 
surfaces. A research investigation by the American Concrete Paving Association (ACPA) 
led to a sub-satisfactory rating for the road industry. In response to the need to improve road 
testing, a new multi-laser sensor system was researched and developed in this study. Results 
indicate that this system is repeatable on textured concrete surfaces. 
Research Questions 
Two research questions guided this study: 
1. How can the TriODS laser system be applied to produce repeatable results to test 
smoothness on textured/tined surfaces? 
2. How can non-contact laser technology be applied in the design of a profiler device to 
eliminate profile error on textured/tined surfaces? 
Limitations 
This research study was limited to the determination of how well the Tri ODS laser 
system can produce repeatable results to measure profile on textured surfaces. The research 
conducted took place with no known equivalent sensor or profile system proven to 
effectively eliminate profile error on textured surfaces. The newest laser developed by LMI, 
a Swedish company, is currently being tested on paving projects around the Midwest. This 
14 
laser utilizes technology that can scan the surface of the road along a 4-inch-wide line. 
Research utilizing LMI's scanning laser and the TriODS should continue in order to 
determine the maximum repeatability and accuracy of either system on textured surfaces. 
Definition of Terms 
The following terms were defined for use in this study: 
Accelerometer: A sensor or transducer or pickup for converting acceleration to an electrical 
signal. 
Encoder: A sensor used to convert radial motion into a single or quadrature logic output. 
IR/ filter: A digital filter created to simulate the response of a quarter car to road profile as 
the input. 
/RI index: The numerical summation of the output from the IRI filter typically given in 
(in/mile) or (m/km). 
High Speed Profiler: A profiler that typically collects profile data at speeds up to 60 or 70 
mph. 
Lightweight Profiler: A profiler that typically collects profile data between speeds of 10-18 
mph. 
Non-contact laser: A sensor utilizing a laser diode and receiver to determine the distance 
from the emitter to the reflected surface. 
Profiler: An instrument used to produce a series of numbers related in a well-defined way to 
a true profile. 
Reproducibility: The closeness of agreement among measurements of the same value of the 
same quantity where the individual measurements are made under different defined 
conditions (http://www.google.com/search ?hl=en&lr=&oi=defmore&q=define: 
Reproducibility) 
TriODS: A sensor system that utilizes multiple lasers to model a contact patch of the road 
surface. 
Vehicle: A lightweight all terrain or utility type 4-wheel gas or battery powered unit that the 
profiling equipment is mounted to for data collection. 
(ABC order) 
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CHAPTER 2. LITERATURE REVIEW 
Lightweight profilers have been in use for more than 10 years, originating with 
General Motors in late 1960s. Even though these devices have been in use for either quality 
control or assurance, the American Concrete Paving Association (ACPA) questioned the 
repeatability of these profilers on textured or tined concrete surfaces. In July of 2002, the 
ACPA contracted Steve Karamihas with University of Michigan Transportation Research 
Institute to investigate the repeatability and reproducibility of current profilers and their 
effect on profile index. 
The experiment was performed at four sites in Michigan as indicated in Table 2.1 
(Karamihas & Gillespie, 2002a). The experiment included many different types of 
lightweight and high-speed profilers, walking profilers and some test sections were rod and 
level surveyed. The type of device and manufacturer are listed in Table 2.2 (Karamihas & 
Gillespie). The data and conclusions were primarily concerned with lightweight, high-speed, 
and rod and level devices. 
Table 2.1. Test site location and relevant pavement information 
Site Surface Type Date Tim.Ing 
l moderately rough asphalt, tight mix July 9 r\'lommg 
2 new concrete. longitudinal tining July9 Aftemoon 
3 moderately rough concrete, broom finished July 10 Morning 
4 new concrete. transverse tining July 10 Afternoon 
The experiment consisted of each device making multiple runs over each of four 
racks. Based on the profiles collected they could compare to rod and level survey data taking 
before the start of testing. Rod and level typically provides a very reliable reference profile 
for comparison, however, one point is to make sure rod and level data are as repeatable as the 
profilers in the experiment. 
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Table 2.2. Profile measurement device used in experiment 
Static 
Cl Red and Level 
Walking Speed 
I s w·Pro 1000 
2 ARRB Walking Profiler 
Liglmn:'igilt lnertial 
3 International Cybernetics 
Corp. 
4 D)1Jalest/K.JL6400 
5 Sl:u-face Systems lnst11ui1ents 
6 Ughtwejgbt Inertial Surface 
Analyzer (LISA) [\•lode! 6000 
7 LISA 
8 USA 
High-Speed lnertial 
9 MiChi.gan DOT 
10 D)11atest RSP505 l 
11 Smface Systems lnstnllll.ents 
Pro_fllvgrapli 
12 James Cm: and Sons 
Operated By: 
CJ Engin ee1ing & Const . Services 
111temational Cyoometics Co1p . 
Permsylvania DOT 
Pennsylvania DOT 
D)~latest 
Surface Systems lnstmments 
Ames Engineering 
Tony Angel o Cement Construction 
John Cado Construction 
Michigan DOT 
D)'llatest 
Surface Systems lnstmments 
John Carlo Cons1mctiou 
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The repeatability of the profiler to itself becomes crucial to the credibility of the 
device to collect repeatable data. Heavy scrutiny is given to this category for all devices. 
The standard deviation calculation was the statistic selected for comparing the profiles of 
each profiler along with a second statistic called cross correlation technique (Karamihas & 
Gillespie, 2002b ). The standard deviation calculation is defined as 
S= (3) 
n-1 
where S is the standard deviation, ~ is the summation of, X is the individual data values in 
units of elevation, M is the mean of the data values in the sample and n is equal to the 
number of samples in the survey. The repeatability results are shown in Table 2.3 
(Karamihas & Gellespie, 2002a). 
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Table 2.3. Repeatability (standard deviation) of roughness index measurements 
IRI Standard Deviation I Average (%) 
Device Site 1 Site 2 Site 3 Site 4 
LISA, Angelo 0.29 0.32 1.28 2.03 
ICCLWP 1.97 4.40 1.08 3.01 
LISA, Carlo 0.26 6.17 0.58 2.76 
Dyn/KJL 6400 0.45 3.41 0.32 2.79 
LISA, Ames 0.60 2.75 ---- 1.11 
SSI, LWP ---- 4.66 5.40 5.94 
MDOT,HSP 1.48 2.37 ---- 2.85 
Dynatest 5051 0.12 0.97 1.31 0.37 
SSI, HSP 0.81 6.93 0.46 4.95 
Asphalt Longitudinal Broomed Transverse 
Tining Concrete Tining 
As shown in Table 2.3, the repeatability of the profilers was best at site 1 and 3, with 
poorest performance at site 2 and 4. Site 2 and 4, respectively had transverse and 
longitudinal tining which the profilers were not able to handle. It is clear that the textured 
concrete and asphalt surfaces do not present the challenge of the tined surfaces with regards 
to repeatability. The Ames LISA produced some of the best results of all the profilers in the 
field especially for the longitudinally tined surface with a value of 1.11 in which the lower 
the value the better was the result. 
The analysis also used cross correlation to determine the repeatability of the profile 
data. The cross correlation function of repeated measurements of road profiles provides a 
way to synchronize them and rate their agreement (Karamihas & Gillespie, 2002a). This 
experiment used cross correlation to look at the IRI filter, as well as three wavelength bands 
that affect ride quality. In order to look at these three specific bands the profile data had to 
be band pass filtered using a 3rd order Butterworth filter prior to applying the cross 
correlation function. In brief, the cross correlation technique uses two profiles to evaluate 
repeatability. One profile is held fixed while the other is slid a specific number of iterations 
until spatially the two traces overlay as close as possible. The closer the two profiles overlay 
increases the cross correlation value given for repeatability. This analysis technique is quite 
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powerful for determining how well a profiler can reproduce spatial true profile. The three 
wavelength bands are as follows (Karamihas & Gillespie, 2002a). 
• Short Wavelength band 
• Medium Wavelength band 
• Long Wavelength band 
1.05 - 5.25 feet 
5.25 - 26.2 feet 
26.2 - 131.2 feet 
The most difficult wavelength band for repeatability is the short wavelength band, 
especially on longitudinally tined surfaces. The reason is because the profiler and, more 
specifically, the laser spot dive in and out of the tining grooves producing short wavelength 
features that are not necessarily in the pavement. It is more likely is the short wavelengths 
will not be produced in the same place spatially between repeat profiles, in which the cross 
correlation algorithm penalizes the repeatability rating for. The correlation factor between 
any two profiles is between -100 and 100 with 100 being perfect correlation between the 
two. The correlation factors for the IRI and respective wavelength bands are shown in Table 
2.4 -Table 2.7 (Karamihas & Gillespie, 2002a). 
The tables indicate that the repeatability of lightweight and high-speed profilers was 
good for the use of IRI on asphalt and smooth concrete, however, repeatability on 
transversely tined concrete surfaces was compromised and longitudinally tined concrete 
repeatability was not acceptable. Reduced repeatability on new concrete with tining is 
attributed to the high relative amplitude of very short wavelength features (Karamihas & 
Gillespie, 2002a). 
Table 2.4. IRI cross correlation factors 
De ... · Ice RepeatabJIJty Ratio~ 
Site I S ite 2 S ite 3 Site 4 
S urProl OOO 96 86 97 89 
LISA, Angelo 98 83 97 93 
lCC LWP 97 78 95 9 1 
LISA, Carlo 98 79 98 92 
DynlKJL 6400 98 89 98 90 
LISA Ames 9 6 87 97 98 
SSL LWP 95 76 85 65 
MDOT, HSP 96 83 91 90 
Dynatest 505 I 100 84 97 88 
SSJ, HSP 97 72 96 61 
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Table 2.5. Long wavelength cross correlation factors 
Dt"'i·ke RepeatabUity Raliw~ 
S ite I S ite 2 Site3 S ite 4 
SurPro l OOO 99 (£) 96 89 
LISA. Angelo 98 84 92 9 1 
!CCLWP 98 72 95 84 
LISA. Carlo 98 82 97 82 
Dvn!KJL 6400 99 88 97 97 
LISA. Ames 99 93 98 98 
SS!, LWP 95 S8 61 71 
MDOT, HSP 93 75 97 96 
Dynatest 5051 100 93 97 94 
SSL HSP 99 89 98 93 
Table 2.6. Medium wavelength cross correlation factors 
De1i' l.ce Reputability Ra tin~ 
Site I S ite2 Sile 3 Site 4 
S urPro l OOO 88 84 96 87 
LISA. Angelo 94 78 97 93 
l CCLWP 93 74 95 89 
LISA. Carlo 97 77 98 92 
Dyn/KJL 6400 92 86 98 87 
LISA, Ames 88 85 97 96 
SSI. L\VP 88 71 91 56 
MDOT.HSP 91 79 90 88 
Dynatest 505 l 98 81 97 86 
SSL HSP 89 68 96 48 
Table 2.7. Short wavelength cross correlation factors 
Dev lee Repeatability Ra.tin , 
Site I Site2 Sile 3 Site 4 
S urPro l OOO 70 76 79 59 
LISA, Angelo 61 5J 88 7 1 
lCCLWP 78 56 81 61 
LISA. Carlo 87 59 88 68 
Dvn/KJL 6400 (£) 67 87 59 
LISA.Ames 82 70 84 82 
SST. LWP ff) 47 74 28 
MDOT, HSP 65 45 61 56 
Dymttest 5051 88 65 85 50 
SSI. HSP 47 37 7 1 13 
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Iowa Study 
In February of 2003 the Iowa Department of Transportation purchased a LISA 
lightweight profiler from Ames Engineering, Inc., with the purpose of evaluating the 
suitability for construction quality control and assurance. During the construction season the 
lightweight unit would be tested against existing test methods and devices for measuring road 
smoothness. The profiler was a single point laser unit. 
The lightweight profiler was first certified under the Minnesota Department of 
Transportation profiler certification program. The state of Iowa elected to verify that the 
profiler could, indeed, pass a repeatability and accuracy standard, and the state of Minnesota 
had a very good test procedure to do that. 
Once the profiler passed the certification in Minnesota, Kevin Jones and the state of 
Iowa proceeded to select test sections for verification of repeatability compared to other test 
equipment, such as their high-speed van mounted profiler. This profiler is a single point 
laser unit capable of collecting road profile at higher speeds. The lightweight and high-speed 
profilers correlated adequately between them on an asphalt surface mix. However, it was 
discovered that both profiling units had marginal success providing repeatable profile index 
numbers for the twenty 0.1 mile sections tested on state highway Iowa 20 with a 
longitudinally tined concrete surface. The lightweight single point laser unit showed 
increased standard deviation error and lower correlation values as compared to the four 
profilographs that were ran against for comparison testing. 
The researchers concluded that the LISA lightweight profiler results are significantly 
affected by longitudinal tining on concrete surfaces. Without improvements to the hardware 
and software, the lightweight or high-speed profilers will not give accurate results. A laser 
system upgrade is needed (Jones & Omundson, 2004). 
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CHAPTER3: METHODOLOGY 
The purpose of this research was to develop a profiler device that provides repeatable 
results using laser technology to test road smoothness on textured surfaces. This chapter 
describes the invention and testing of the device. 
Tining Solutions 
Three dimensional requirement 
Road profile is measured using an accelerometer and single point laser. While this 
system is adequate for asphalt and lightly textured concretes, tined concrete surfaces are not 
one-dimensional surface and, in fact, require a three-dimensional approach. In one 
dimension, as in the traditional sensor system, the laser produces height values for the 
distance between the vehicle and the pavement surface; however, the laser alone is incapable 
of repeatably producing a profile due to the error induced into the data by the tining. One 
approach to resolving this issue lies with attempting to describe the surface of the pavement 
while eliminating the tining altogether. Since the tining has a finite width, height and length, 
the problem requires a three-dimensional solution. 
Hardware solutions 
The first step was to determine if any sensor on the market could replicate a minimum 
of a two-dimensional solution and possibly handle the other factors by using software. Initial 
investigation led this researcher to the possibility of using an infrared sensor with a sensing 
pattern that has a larger diameter. The theory herein was, with a light pattern of greater area, 
that an averaging effect would take place thereby possibly bridging over the tining and 
eliminating the associated error induced. However, the averaging affect does not occur 
because, as the light pattern gets larger, the amount of light reflected back towards the 
receiver diminishes. In addition to less light being reflected toward the receiver, the light is 
also scattered by the shape of the tine itself. 
Another possibility was to use a scanning laser with the capability to scan the entire 
pavement surface. However, the price associated with this type of technology was not 
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practical for the market. In addition, the size of the hardware equipment was equivalent to a 
large suitcase, which brought about mounting issues when attempting to retrofit existing 
profilers. 
With the ability to retrofit a high priority for existing customers, a decision was made 
to use the current form factor while trying to integrate multiple lasers into the current sensor 
system. Upon determining that the manufacturer, Acuity Laser Measurement, produced a 
special road profiling laser that incorporated a satisfactory stand off, resolution, and accuracy 
for these needs, this manufacturer was selected to provide laser hardware. When coupled 
with the ability to fit all of these parameters into the existing enclosure and price requirement 
that was in line with expectations of current customers, the decision was made to pursue this 
solution. 
Digital Tire Patch Simulation 
With a laser acquisition unit selected, the solution now required the design of a 
bridging filter. This led to the need to adequately describe the pavement surface. A single 
point laser system on tined concrete will travel in and out of the tine causing a small induced 
error, which dictates a solution to bridge over the tining in order to prevent it from 
contaminating the profile data. The original profilograph typically used a bicycle tire or 6 
inch round solid wheel that served as the contact point for the measurement device. The 
contact wheel has some bridging effect as its contact area is larger than the laser spot of a 
lightweight profiler. However, the contact wheel is not immune to occasionally falling into a 
longitudinal tine and following for several feet. On transverse tining, the contact wheel of a 
profilograph can begin to hop if the operator pushes the device too fast, possibly causing 
error in the profilograph data. Building on the idea of a contact area, the most ideal contact 
area would be one that could bridge in both the horizontal and longitudinal directions with 
ability to span multiple tines. An area of this size would enable the measurement device to 
eliminate the tining by spanning a large enough area to avoid the problems of previous 
devices mentioned. 
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Contact Patch Based Measuring Model 
A contact patch of an automobile tire was determined to be a good model that fit the 
needs of this research. By considering an area similar to the area of a typical tire, this type of 
model has sufficient width and length for the current research. This model is able to span an 
area large enough to describe the top of the wearing surface and eliminate the tining of the 
concrete surface. 
It should be noted that the input for the IRI, which is a quarter car response 
simulation, would now have profile data collected from a similar sized contact patch of the 
road surface. Essentially, the data collected by the TriODS would more accurately represent 
the true road surface in which a car tire is traveling over as opposed to a single point profile 
representation on a single laser system. On a heavily textured or tined surface this will make 
a significant improvement in the repeatability of the profile data as compared to previous 
measurement devices. Use of a multiple laser input provides two or three displacement 
readings to describe the transverse profile of the contact patch. Figure 3 .1 provides a 
graphical representation. 
• • • • • • • • • • • 
Direction of Travel 
• • • • • • • • • • • 2 3 4 5 6 7 8 9 10 11 
• • • • • • • • • • • 
Figure 3.1. Tire patch graphical representation 
The width and height of a typical tining application measures approximately 0.75 
inches between two tines, which is highest point on the surface. The tine geometry itself is 
0.125 inches in width and height. A spacing of 1.25 inches in between each laser will ensure 
that at least two of the three lasers will continuously take data from the top of the road 
surface. The number of lasers that take data readings from the top of the road surf ace will 
24 
vary depending on the quality of the tining process conducted by the paving contractor. The 
value of a three laser input device, along with the 1.25-inch spacing will have a positive 
effect on repeatability if the tining process leaves noticeable imperfections on the top of road 
surf ace. Some process imperfections can cause waviness in the tine path or non-uniform tine 
spacing across the lane, or an excessive amount of displaced concrete left on the road surface 
resulting from the removal of concrete during the creation of the tining. With a laser spacing 
of 1.25 inches, it is possible to analyze data in the transverse and longitudinal directions to 
eliminate inaccurate data that will cause error in the profile. Having the ability to eliminate 
height data from the lasers applies a filtering effect transversely. Applying averaging to the 
remaining input will minimize any error from abnormalities that might have occurred in the 
tining process. Once the data have been filtered transversely the longitudinal direction of 
travel brings about two primary concerns: 
1. How will vehicle speed affect the size of the contact patch? 
2. How will potential high points in the data be handled? 
Additional concerns are that the speed of the vehicle can vary with each state authority and 
traffic situation. Figure 3.1 gives a graphical representation of the sampling taking place in a 
typical patch area; keep in mind the figure does not provide the correct scale. The contact 
patch must adapt to increasing speeds, and on lightweight profilers the speed is generally 10 
- 16 mph. A general patch size based on a tire is approximately 4 inches in width and 3 
inches in length, and the laser data must describe this area regardless of speed changes. The 
number of samples will have an effect on the ability of the bridging filter to remove tining or 
large cracks/joints in the concrete surface. At higher speeds, utilizing the fastest hardware 
sample rates, the number of samples per unit length of road surface decreases and could 
possibly cause aliasing in the data which could lead to less repeatable results. Lightweight 
profilers, which are inertial profilers that travel at speeds between 8-16 mph, do not have 
problems with speed issues. However, more research is needed in the coming year to 
investigate this effect on high-speed inertial profilers that travel at speeds up to 60 mph or 
more. The number of samples per patch can be calculated using the following equations. 
The speed of the vehicle is 
Spi(in/s) = SPm * 5280 *(1/3600)* 12, (4) 
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where SPi is in inches per second, SPm is in miles per hour, and Time is in units of seconds 
per contact patch: 
Time(s) =Length of Patch I Speed. (5) 
The number of samples per contact patch can be calculated in the following equation: 
Samples = Hardware sample rate * Time (6) 
The number of samples per patch becomes increasingly critical to system performance 
because of the need to describe the patch area adequately. In the process of paving a road it 
is possible to have flaws in the tining application which creates high or low profile 
measurements that would not otherwise be there if the surface were ideally shaped. If the 
number of samples per patch becomes too low, the inadequacies could lead to profile error. 
Bridging Filter Response 
A very important aspect to consider when filtering data is to make sure the filter 
applied does not attenuate the original profile data to a point that one eliminates not only the 
tining error but also data that have an effect on smoothness. For example, the profilograph 
typically utilizes a 3rd order 2 ft (600mm) low pass filter to remove unwanted high frequency 
noise, commonly referred to as chatter. Removal of these high frequency components is 
appropriate to a certain point, because it does not significantly contribute to ride smoothness. 
To verify that the bridging filter on the TriODS did not adversely attenuate the profile data, a 
comparison to a 2ft low pass filter was considered as shown in Figure 3.2. The responses of 
the 2ft low pass in blue overlaps so well in Figure 3.2 that the 2ft low pass plus bridging filter 
response is hidden. 
Similarly, the IRI index calculation utilizes a 250mm moving average filter prior to 
the quarter car simulation taking place. Again, it is important to verify that the bridging filter 
is not attenuating profile data that contribute significantly to road smoothness. Therefore, the 
TriODS bridging filter was compared to a 250rnrn moving average filter as shown in Figure 
3.3. In both cases, the bridging filter does not adversely attenuate the profile data when 
utilized in conjunction with the typical conditioning filters used with the profilograph and IRI 
index algorithms. 
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Figure 3.2. Wavelength response of Profilograph 2 ft Low Pass vs. TriODS Bridging filter 
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Figure 3.3. Wavelength response of 250 mm Moving Average vs. TriODS Bridging filter 
After the initial design and development of the Tri ODS laser system was completed, a 
series of test and research studies were conducted to evaluate the repeatability of the Tri ODS 
on tined concrete surf aces. The remainder of this chapter describes the purpose of these 
studies. 
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Luther Research Site 
After initial development of the TriODS laser system was completed, the American 
Concrete Paving Association and Steve Karamihas conducted a follow-up study to their 
phase I investigation of profiler performance on textured concrete surfaces. On October 17, 
2002, members of the Iowa Department of Transportation and myself collected data on three 
different concrete surfaces just outside of Luther, Iowa, on country road E57. These data 
were gathered on: transverse tining, longitudinal tining and burlap drag or carpet drag. The 
purpose of this study was to rate the repeatability of the two modified laser systems and 
potentially qualify them as sufficiently repeatable for use on transverse and longitudinally 
tined concrete. 
Three different laser systems were used to collect data on three separate concrete 
surfaces that will be referred to as configurations 1, 2, and 3. Each of these laser systems and 
their operators collected five runs over the same wheel track, trying to replicate their path of 
travel as closely as possible over those five runs. Each profiler collected data in the right 
wheel track that were marked with yellow chalk ticks every 10 feet or so. The LISA 
lightweight profiler collects data from the laser sensors every 3 inches or a sample rate 
equivalent to 4 samples per foot. 
The equipment used was a lightweight single laser profiler from the Iowa D.O.T. and 
two other multiple laser systems mounted on a lightweight vehicle. One of the units used 
two non-contact laser units and the other used three non-contact laser units. This was done to 
investigate the potential cost savings of using one less laser to collect data and the effect on 
the repeatability of the profile data. Test personnel operated the D.O.T profiler whereas this 
researcher operated the multiple laser system profilers. 
The three concrete test sections were set up with a length of 528 feet, with each test 
section having five collection runs performed. All of the data sets applied the following 
statistics: 
• Average IRI index values 
• Standard Deviation of IRI index values 
• 
• 
Normalized Standard Deviation of IRI index values 
Cross Correlation values for IRI and band pass filters 
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Profiler Round-up 
The second major research study that this researcher attended was funded by the 
Federal Highway Administration and conducted by Karamihas (2004b). This study had five 
purposes, however, two pertained specifically to the research and are listed as follows: 
1. Study the interaction of various profiler types with pavement surface texture. 
2. Determine the current state of repeatability and reproducibility of profilers. 
The Tri ODS laser system was taken to this roundup of 68 profilers for the purpose of 
evaluating its performance and repeatability on textured and tined surfaces. The experiment 
was held at two sites: PennDOT lightweight track near Newville, PA, and Smart Road 
facility at the Virginia Tech Transportation Institute in Blacksburg, VA. Data at the two 
facilities were collected on nine sections of pavement (Table 3.1) (Karamihas, 2004b). The 
Smart Road facility was comprised of five test sections, which measure 1.5 miles on a 6% 
grade and sections 6-9 were collected at the PennDOT facility. The Smart Road data had 
five repeat runs whereas the PennDOT data had 3 repeat runs, with all data using a pointer. 
The weather at the Smart Road facility was quite pleasant; however, at the PennDot facility 
the temperature was around 40 degrees Fahrenheit with a strong wind, which made data 
collection slow. Due to the weather and facility design, only three data runs were collected 
for most of the 68 profilers that attended the roundup at the PennDOT facility. 
Table 3.1. Section summary 
Section 
l 
2 
3 
4 
5 
6 
7 
8 
9 
Surface Type 
Stone Matrix Asphalt 
Stone Matrix Asphalt 
Open Graded Friction Coarse 
Continuous Reinforced Concrete w/ 
Jointed Concrete w/ Transverse Tining w/ a Significant Portion also Ground 
Extremely Smooth Ground Concrete 
Transversely Tined Concrete w/ Ground Areas 
Smooth Asphalt w/ a Tight Mix 
Asphalt w/ a Tight Mix 
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Iowa Profilograph Comparison 
In May of 2004, Kevin Jones of the Iowa Department of Transportation purchased a 
TriODS laser system for their lightweight profiler. To verify the repeatability and accuracy 
of the Tri ODS against the state's current ride specification, which uses a profilograph to 
measure road smoothness, a profilograph study was conducted on July 31, 2004. 
This research was conducted on a new concrete surface paved in November 2003, and 
closed to all traffic until all construction and testing was completed. The project utilized 
longitudinal tining and the test section was approximately 1170 meters in length. The test 
equipment involved were: 
• Mechanical profilograph supplied by the contractor; 
• Mechanical profilograph supplied by the district transportation office; 
• Computerized profilograph supplied by Ames Engineering; and 
• LISA lightweight profiler with TriODS laser system supplied by the Iowa D.O.T. 
A mechanical profilograph is simply an older version of the computerized profilograph 
discussed previously, which measures the elevation change using a mechanical linkage 
instead of an electronic sensor. The contractor and district profilograph data had been 
collected at the conclusion of paving earlier in the year, while the computerized profilograph 
and TriODS profile data were collected on the same day. The computerized profilograph 
was used to correlate the accuracy of the mechanical devices as well as compare the results to 
the TriODS. 
Kevin Jones, of the Iowa Department of Transportation, operated the LISA 
lightweight profiler while this researcher operated the computerized profilograph. The right 
wheel track profile was collected with both the lightweight unit and computerized 
profilograph using a pointer to help the operator duplicate the same collection path taken 
over multiple collection attempts. 
30 
CHAPTER 4. FINDINGS 
The purpose of this research was to develop a profiler device that provides repeatable 
results. Multiple laser technology was applied on top of traditional inertial profiler 
technology to test road smoothness on textured surfaces. This chapter presents the results of 
the research studies discussed in Chapter 3. 
Luther Research Site 
From the five collection runs, Karamihas (2004b) analyzed the data using the IR.I 
filter. Table 4.1 displays the average IR.I in inches per mile, grouped by surface type or site 
along with the laser configuration. Three configurations were assessed. Configuration 1 was 
represented by the Iowa Department of Transportation and was also operated by that 
department. Configuration 2 was a modified version of what is currently known as the 
Tri ODS, meaning it had two lasers instead of three in order to determine if there was a 
significant benefit to having three lasers as opposed to two. Last, configuration 3 represents 
the TriODS with a three-laser solution. Configurations 2 and 3 both utilize transverse and 
longitudinal bridging that takes place on the bridging board. As shown in the results, the 
Smooth Turf Drag section was similar among the three configurations, with no noticeable 
differences in average IR.I roughness index. However, there was a slight decrease in the 
standard deviation and normalized standard deviation for the multiple laser configurations 
Table 4.1. International roughness index (IR.I) summary of results 
Site Ames profiler configuration 
Smooth turf drag 1 
2 
3 
Transverse tining 1 
2 
3 
Longitudinal tining 1 
2 
3 
International Roughness Index (IR.I) 
Average Std Dev Normalized 
(in/mi) (in/mi Std Dev(%) 
85.0 1.5 1.7 
86.4 0.4 0.5 
85.7 0.3 0.4 
130.5 0.7 0.6 
128.2 1.0 0.8 
129.8 1.4 1.1 
87.6 2.8 3.2 
69.8 2.0 2.8 
67.6 2.0 2.9 
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as opposed to the single point configuration 1. Likewise for transverse tining, there was little 
difference between the average IRI index and standard deviation calculations. As presented 
in Chapter 3, the three-dimensional requirement helped provide more repeatable data on 
transverse tining. The longitudinal tining section provided the greatest insight into the 
benefits of the multiple laser configurations. Both configuration 2 & 3 indicated great 
improvement over the single point configuration, not only in average IRI index, which is 
most important to a contractor, but also in standard deviation calculations. In Tables 4.1 and 
4.2, it is clear the multiple non-contact laser technology provided a significant portion of the 
increase in repeatability for this surface type; likewise, the bridging algorithm contributed to 
this success as well. The American Concrete Paving Association made the following two 
conclusions about the results of this study (R&T Update, 2004 ). 
1. The IRI values produced by configurations 2 and 3 were 18 to 20 inches per mile 
lower than those produced by configuration 1 on the longitudinally tined site. It is 
suspected that much of this reduction is due to their ability to prevent contamination 
of the profile by coarse texture. This is a successful step in the direction of improving 
lightweight profilers for use on coarse textured pavement. 
2. Configurations 2 and 3 may have successfully reduced this type of error to an 
acceptable amount. 
Another analysis was performed on the data using a statistic called cross correlation. 
Cross correlation is used to determine the repeatability of the profile itself based on the shape 
of the wavelengths contained in the pavement. This calculation can detect if the profiler is 
able to repeatably collect the same profile or merely produce similar index roughness values 
based on compensating error. As in the Phase I profiler assessment, three wavelength bands 
were analyzed: short, medium and long. All bands present certain challenges when 
attempting to collect repeatable data, however, short wavelength content presents the most 
difficult challenges on longitudinally tined concrete. Primarily, this is due to the tining 
geometry itself; the more complex the texture/tining geometry, the more difficult it becomes 
to model that surface ideally for post process analysis. Table 4.2 depicts the correlation 
values associated with the IRI filter as compared to surface site and configuration type. 
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Table 4.2. IRI cross correlation results of repeatability rating for IRI filter output 
Ames profiler configuration 
1 
2 
3 
Smooth turf drag 
93 
96 
97 
Tining 
Reverse Longitudinal 
94 60 
98 85 
97 88 
With a value of 95 receiving an excellent rating the results of the cross correlation for 
turf drag and transverse tining were very good and showed excellent repeatability among 
most configurations, and the multiple laser technology of the Tri ODS increased the 
repeatability above what was currently achievable. The longitudinal tining presented the 
greatest challenges, with configuration 1 demonstrating a struggle to collect data repeatably 
on this surface type. Configuration 2, and especially configuration 3, demonstrated a 
substantial improvement of the single-point laser configuration 1. The correlation value of 
88 for configuration 3 confirmed prediction over multiple runs, an IRI roughness index value 
within 10% among each collection run. 
Profiler Roundup 
Section 1 was a stone matrix asphalt that typically contains larger aggregate with a 
smaller percentage of asphalt content. This type of surface presents a challenge because it 
has larger voids in the top surface or wearing coarse of the pavement. These voids present 
opportunities for a single point laser system to fall into the voids and create error in the 
collected profile. The TriODS results of the collected run are shown in Table 4.3. 
Table 4.3 . Section 1 results at Smart Road 
Run 
1 
2 
3 
4 
5 
TriODS average 
Reference average 
Cross correlation value 
IRI value (in/mi) 
84.14 
84.77 
84.14 
86.67 
85.40 
85.02 
80.34 
0.959 
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The average for the Tri ODS laser system was within approximately 5% of the reference 
profile and the cross correlation for the IRI filter was better then .95(Karamihas, 2004b ). If 
one recalls that a 1.0 is a perfect correlation between the collected profile data runs, then a 
value of 0.94 means that, on the same type of pavement, two measurements are expected to 
have IRI values within 5%, with 95% confidence (Karamihas, October 2004). 
Similarly, section 2 also contained stone matrix asphalt and the TriODS performed 
equally well. The results for data collected at section 2 are shown in Table 4.4. The average 
IRI value for the Tri ODS was within 4.0% of the reference profile calculated by Karamihas 
(2004b) from rod and level data taken at Smart Road. In addition, the cross correlation of the 
five profile runs was 0.950, which predicted very good repeatability on this surface type. 
Table 4.4. Section 2 results at Smart Road 
Run 
1 
2 
3 
4 
5 
TriODS average 
Reference average 
Cross correlation value 
IRI value (in/mi) 
72.75 
68.95 
67.69 
70.22 
70.22 
69.97 
67.23 
0.950 
Section 3 was an open-graded friction coarse. This researcher had very little prior 
experience with this surface type in research or professional practice. This particular surface 
has a very uneven texture, so much that the adhesive-backed markers used to layout the path 
of travel for the profilers did not stick very well over the course of the day's activities. The 
TriODS laser system had an average IRI index value that was within 9.4% of the reference 
profile. This value was higher than desired, but the TriODS performed, on average, with the 
rest of the 68 profilers in this study. The repeatability of the profile data was excellent, with 
a cross correlation of 0.950. The results of section 3 are provided in Table 4.5. 
Table 4.5. Section 3 results at Smart Road 
Run 
1 
2 
3 
4 
5 
TriODS average 
Reference average 
Cross correlation value 
34 
IRI value (in/mi) 
131.58 
129.05 
132.85 
128.42 
128.42 
130.06 
118.88 
0.950 
Section 4 was a continuously reinforced concrete pavement with transverse tining. 
This surface type is very common on most interstate or state highway systems. As shown in 
Table 4.6, the average IRI value for the five runs was 73.25 in/mi and within 0.60% of the 
reference profile as reported by Karamihas (2004b ). This average is excellent and faired 
better than the rest of the field of profilers. In addition, the repeatability of section 4 was the 
best of the five sections at the Smart Road facility, with a cross correlation of 0.963. 
Table 4.6. Section 4 results at Smart Road 
Run 
1 
2 
3 
4 
5 
TriODS average 
Reference average 
Cross correlation value 
IRI value (in/mi) 
72.75 
73.38 
74.01 
72.75 
73.38 
73.25 
72.81 
0.963 
Section 5 was a jointed concrete with transverse tining and a significant portion of 
that surface was also ground. This surface type presents several problems for a standard 
single-point laser system. One, the ground surface can induce small error into the profile 
data and, second, the large gaps that the joints pose a significant problem for a standard laser 
system. Essentially the TriODS, with its bridging capabilities, is ideal for this type of surface 
type. It can eliminate some of the ground texture in horizontal direction and the joint voids 
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in the longitudinal directions. The IRI value distribution for the profiler field is shown in 
Figure 4.1. The distribution peak occurs at approximately 188 in/mi (2.97 rn/km). The 
TriODS laser system collected an average IR.I value of 176.37 in/mi (2.77 rn/km), which is at 
the low end of the distribution curve. No reference IRI value was reported by Karamihas 
(2004b) for reasons not known; however, the joints in this surface may have presented some 
problems with measuring the rod and level accurately. 
Number of Measurements 
30 
Section 5 
13 measurements> 220 in/mi 
20 
10 
0 +...,.....,..............,.....,....-.-.......... -1"'+"" 
140 150 160 170 180 190 200 210 220 
IRl (in/mi) 
Figure 4.1. Section 5 IRI distribution. 
In section 5 the cross correlation was, again, excellent. Repeatability on this surface 
type is difficult to attain as compared to a tight mix asphalt or carpet drag concrete pavement; 
the ability to bridge across the large joints and tining is necessary to achieve excellent 
repeatability. The results for section 5 are shown in Table 4.7. 
Data collection for Section 6 began the at the PennDOT facility with one of the most 
difficult surfaces to profile, according to the perceptions of this researcher. The feedback 
from the profiler when collecting the data on this section was almost unbelievable. The 
surface was an extremely smooth ground concrete surface that had an average reference 
value of 25.11 in/mi (25 mlkm). The TriODS laser system collected an average IRI value of 
Table 4.7. Section 5 results at Smart Road 
Run 
l 
2 
3 
4 
5 
TriODS average 
Reference average 
Cross correlation value 
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IRI value (m/km) 
175.23 
176.49 
177.13 
175.23 
177.76 
176.37 
NIA 
0.944 
26.15 in/mi (26 m/km), which is an excellent IRI value compared to the reference profile 
given the smoothness and texture of the concrete surface. As shown in Figure 4.2 
(Karamihas, 2004b ), the IRI distribution for the 68-profiler field was approximately 40 in/mi 
(0.632 m/km). The results of the section 6 are presented in Table 4.8. The cross correlation 
for section 6 was 0.404 out of a possible 1.0, which is perfect agreement. The decrease in 
correlation on this section, as compared to other section with a similar surface texture, is 
discussed in Chapter 5. 
Number of Measurements 
30 
20 
10 
0 10 20 30 40 
!RI (in/mi) 
Section 6 
Reference !RI: 25. I I in/mi 
I 0 measurements > 80 in/mi 
50 60 70 
Figure 4.2. Section 6 IRI distribution. 
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Table 4.8. Section 6 results at PennDOT 
Run 
1 
2 
3 
TriODS average 
Reference average 
Cross correlation value 
37 
IRI value (m/km) 
27.20 
24.04 
27.20 
26.15 
25.11 
0.404 
Section 7 presents a transversely tined concrete with ground areas, and this surface 
mixes both texture and tining. The average IRI value for this surface type from the TriODS 
was 111.13 in/mi and compared very well to the reference value of 108.53 in/mi (1.71 
m/km), or within 2.7% (Table 4.9). The peak distribution for the 68-profiler field was 118 
in/mi ( 1.86 m/km) as presented in Figure 4.3 (Karamihas, 2004b ). The cross correlation was 
excellent, at 0.944. 
Section 8 was a smooth asphalt surface with a tight mix design. The average IRI 
value for the TriODS laser system was 71.91 in/mi (l.13 mlkm), which compared very well 
to the average reference profile average of 75.11 in/mi (l.19 m/km) or within 4.3%. The 
cross correlation for repeatability of the profile data was 0.968 (Table 4.10). 
Table 4.9. Section 7 results at PennDOT 
Run 
1 
2 
3 
TriODS average 
Reference average 
Cross correlation value 
Table 4.10. Section 8 results at PennDOT 
Run 
1 
2 
3 
Tri ODS Average 
Reference Average 
Cross Correlation Value 
IRI value (mlkm) 
111.34 
110.07 
111.57 
111.13 
108.53 
0.944 
IRI Value (m/km) 
72.12 
71.48 
72.12 
71.91 
75.11 
0.968 
Number of Measurements 
30 
20 
10 
0 -+--..-~~----~...-"""' 
80 90 100 l lO 
38 
120 
IRI (in/mi) 
Section 7 
Reference TRI : 108.53 in/mi 
7 measurements > 160 in/mi 
130 140 150 160 
Figure 4.3. Section 7 IRI distribution. 
Section 9 is an asphalt surface with a tight mix design. This type of surface is paved 
most often in road construction. The average IRI value for the TriODS laser system was 
93.41 in/mi (1.47 mfkm). Karamihas (2004b) reported no average reference IRI value for 
reasons unknown. The cross correlation for repeatability of the profile data was 0.952 (Table 
4.11 ). 
Table 4.11. Section 9 results at PennDOT 
Run 
1 
2 
3 
TriODS average 
Reference average 
Cross correlation value 
IRI value (mfkm) 
96.79 
91.09 
92.36 
93.41 
NIA 
0.952 
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Iowa Profilograph Study 
In May of 2004, Kevin Jones of the Iowa Department of Transportation conducted a 
study to compare the repeatability and accuracy of the Tri ODS laser system to collected data 
from three other profilographs. The study took place on U.S. 34 in the westbound driving 
lane on a concrete surface with average depth longitudinal tining. The paving contractor on 
the job, the district office for the state of Iowa and this researcher provided the profilographs. 
The profilograph has been a gold standard for smoothness measurement in the profiling 
industry for almost three decades and any new sensor or profiling device must possess the 
capability to correlate to this device. 
Two of the profilographs were mechanical, and data collected by these devices took 
place at the end of the pavement process. The computerized profilograph collected data on 
the day when comparison with the TriODS laser system took place. In total, three 
profilographs collected profile data, while Kevin Jones collected five runs with the state's 
TriODS laser system. Jones presented the data from all devices except the computerized 
profilograph to this researcher several weeks later in the form of a document that was not 
formally published to this researcher's knowledge. The results of that study are presented in 
Table 4.12-Table 4.14. Jones chose to present the roughness measurements in accumulated 
inches rather than in/mi. 
Comparing all profilograph roughness values to the TriODS laser system on the two-
tenth inch (0.2") blanking band reduction produced an average roughness of 1.76 inches. 
When compare to the TriODS that produced a 1.84" roughness reading for the same 1170 m 
section of road, there was a difference of 4.3%. Similarly, on the zero inch (0.0") blanking 
band reduction analysis, the average of the profilographs was 22.09" as compared to the 
TriODS, which produced a roughness value of 22.13", or a 0.18% difference between the 
measurement devices. The LISA with the TriODS laser system produced standard deviations 
of less than 1.0, which were repeatable over the five runs made by Jones (2004). 
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Table 4.12. Roughness blanking band measurement at 0.2" 
Device 
Contractor Profilograph 
DOT (Dist. 5 trace, Dist.1 ProScan) Avg* Profilograph 
Ames Computerized Profilograph 
LISA TriODS Avg 
Roughness (in) 
1.72 
1.77 
(l.80, 1.80, 1.70) 
1.80 
1.84 
*Tested 5/17 /04 before grinding (grinding removed 0.3" from trace for both O" and 0.2" 
band) 
Table 4.13. Roughness blanking band measurement at 0.0" 
Device 
Contractor Profilograph 
DOT (Dist. 5 trace, Dist.1 ProScan) Avg* Profilograph 
Ames Computerized Profilograph 
LISA TriODS Avg 
Roughness (in) 
NIA 
21.75 
22.43 
22.13 
*Tested 5117 /04 before grinding (grinding removed 0.3" from trace for both O" and 0.2" 
band) 
Table 4.14. LISA data from Iowa profilograph study on Hwy 34 
Band 
Roughness (in) P.I. (in./mi.) Roughness (in.) P.I. (in./mi.) IRI 
Run No. (0.0") (0.0") (0.2") (0.2") (in/mi) RN 
1 21.10 29.04 1.75 2.41 76.1 3.79 
2 22.55 31.03 1.85 2.55 77.8 3.78 
3 22.65 31.17 1.85 2.55 77.9 3.77 
4 22.20 30.55 1.70 2.34 78.7 3.77 
5 22.15 30.48 2.05 2.82 78.5 3.78 
Average 22.13 30.45 1.84 2.53 77.8 3.78 
Std. Dev. 0.62 0.84 0.13 0.18 1.02 0.01 
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CHAPTER 5. SUMMARY, CONCLUSIONS, AND 
RECOMMENDATIONS 
Summary 
It has been shown by Karamihas and Gillespie (2002a) that traditional profilers 
cannot prevent the error induced by tined concrete during data collection. In response to this 
problem, a multiple laser system that uses 3 lasers with transverse and longitudinal bridging 
was developed to increase the performance of profilers for concrete tined applications. The 
results of the current study revealed that the Tri ODS laser system developed by this 
researcher demonstrates ability to collect repeatable data on textured and tined concrete 
surfaces. The repeatability of the profile data was analyzed by cross correlation from 
Karamihas (2004b ). Thus, the profiling industry has validated a method to quantify the 
repeatability of spatial profile data. The multiple laser approach to describe the surface of the 
road along with the two dimensional bridging process has had a considerable effect on 
eliminating error from profile data. With this knowledge, researchers can continue to expand 
the limits of the Tri ODS laser system. 
Conclusions 
The TriODS laser system provides a solution to induced error on tined and textured 
concrete surfaces. It produces profile that has an accuracy within+/- 5% of the reference 
profile on most surfaces. In addition, the TriODS produced a cross correlation value close to 
95 or excellent on most surfaces in the profiler roundup conducted by the FHW A and Steve 
Karamihas. During several profilograph comparisons the TriODS demonstrated the ability to 
replicate profilograph index values within+/- 2% on longitudinally tined concrete. Overall 
the TriODS has been a success and significant step forward in the process of eliminating 
spatial error in measured road profile from an inertial profiler. 
Limitations 
The results of this study were limited by the time needed to collect many collection 
runs. Ideally, 10 is the desirable number of runs to collect data for each piece of test 
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equipment to ensure a large data group. Thus, interpretation of the results should consider 
this factor. Time, money and human power typically limit the researcher's ability to collect 
these ideal populations. Thus, testing any new profiling or laser system requires multiple 
research studies to ensure proper functionality of the new measurement device. 
Recommendations 
The TriODS laser system developed in the current study provided insight on a 
method to eliminate error in profile data on texture and tined surfaces. Further research 
should be conducted to test the viability of this concept with high-speed units. An increase in 
sample rate from non-contact laser units would possibly help provide sufficient data to model 
the surface at higher speeds. In addition, a new scanning laser from LMI should continue to 
be studied to determine how well it performs on the same surfaces presented in this study. 
With a few modifications, it would be beneficial to investigate the open-graded friction 
coarse pavement tested at the Smart Road facility to determine if a smaller percentage 
deviation from the reference profile roughness index can be achieved 
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